Background: The maternal cardiovascular system adapts quickly when embryo implantation is recognized by the body. Those adaptations play an important role, as a normal cardiovascular adaptation is a requirement for a normal course of pregnancy. Disturbed adaptations predispose to potential hypertensive disorders further in pregnancy [1] [2] [3] . This report aims to briefly inform the obstetricians, general practitioners and midwives, who are the key players in detecting and treating hypertensive disorders during pregnancy. Methods: The PubMed database was used as main tool to find studies involving clearly defined first trimester hemodynamic changes in normal pregnancies and hypertensive pregnancies. In addition, the bibliographies of these studies were investigated for further relevant literature. Results: A comprehensive overview is given concerning the normal adaptations in the cardiovascular tree in a first trimester pregnancy. Additionally, signs of abnormal cardiovascular changes observed in first trimester are described together with the normal reference range for each non-invasive, easily applicable technique for maternal hemodynamics assessment. Conclusions: With a combination of techniques, it is possible to integrate and evaluate the maternal heart, veins and arteries at 12 weeks of pregnancy. Applying those techniques into the daily clinic opens perspectives to prevention and prophylactic treatment, aiming for a reduction of the risk for hypertension during pregnancy.
Background
A normal pregnancy is characterized by multiple cardiovascular adaptations to provide optimal conditions for fetal growth and development. Most of these changes are induced shortly after embryo implantation and thus well before the exponential increase of the fetal and placental demands for oxygen and nutrients, predominantly occurring in the second half of pregnancy. Most circulatory functions have changed significantly by the end of the first trimester [1] .
A maladaptation in any step of the process changes the structural, physiological or metabolic environment of the fetus. The genetic program of the fetus induces phenotypic adaptions to the current environment, which influences the fetus' cardiovascular system in later life [2] . Additionally, those disturbed physiological processes predispose to pregnancy complications, such as preeclampsia and fetal growth restriction [3] .
This review provides a summary of the most relevant cardiovascular changes in the first trimester of a normal pregnancy, as reported in diverse studies done in early pregnancy. Adaptations are presented and discussed at each part of the cardiovascular tree, the arteries, veins and heart. Additionally, a comprehensive overview is given about the pathology-specific features of hypertensive disorders, measurable in the first trimester, together with the normal values of each non-invasive, easily applicable technique.
Pre-pregnancy cardiovascular function
The cardiovascular function in women varies with the menstrual cycle. In the luteal phase, heart rate, plasma volume, cardiac output (CO), central and peripheral arterial compliance and distensibility have increased relative to the follicular phase. Meanwhile, mean arterial pressure (MAP) has decreased together with the vascular resistance. Chapman suggests that the fall in peripheral vascular resistance is the primary event in the luteal phase. Afterwards, the MAP decrease initiates a hemodynamic compensation through a rise in CO. Due to a dilated vascular system, the renal plasma flow and glomerular filtration rate increase and an activation of the renin-angiotensin-aldosterone system (RAAS) during the luteal phase is seen [4, 5] .
This cyclic pattern resembles roughly to the simultaneous hormonal variations occurring during the menstrual cycle, which suggests prudently a role for estrogen in modulating the vascular smooth muscle tone. Estrogen has been shown to enhance endothelial function, dilate arterioles, vascular smooth muscle cell proliferation, inhibit fibroblast and collagen accumulation in the aortic wall [6] . The exact mechanism by which estrogens modulates arterial function has been explored in animal studies: vascular smooth muscle cells have estrogen receptors [7] and estrogen administration induces vasodilatation [8] . It is however difficult to postulate a direct relation between estrogen and cardiovascular events, as other factors (like nitric oxide, relaxin, vascular endothelial growth factor, prostanoid metabolites, adhesion molecules, etc.) also vary during the menstrual cycle. It is probably a complex cascade of events which initiates the primary vasodilation [9] .
Early pregnancy is characterized by vascular relaxation along with increased arterial compliance and distensibility. The pattern of cardiovascular changes in the luteal phase relative to the follicular phase of the menstrual cycle resemble those in early pregnancy. From conception until the 7 th week of pregnancy, the maternal endocrine environment is dominated by the extended function of the corpus luteum, which is activated through the release of large amounts of human chorionic gonadotropin (hCG). Consequently, the hemodynamic and hormonal changes seen in the first weeks of gestation are independent of a functioning fetal-maternal-placental unit [5] .
Cardiovascular changes

weeks of gestation
Doppler echography at the level of the pulmonary, mitral and aortic valves at 5 weeks pregnancy showed consistently higher values for heart rate and cardiac output relative to the prepregnant state (luteal phase) [10, 11] , whereas others reported a rise in cardiac output occurring later on in the first trimester [12] or not at all [13] . This discrepancy might be explained by the absence of a pre-pregnancy baseline [12] or the different measuring time points and design of the study [13] . Both heart rate and cardiac output increase steadily in the course of the first trimester [10, 12] .
Cardiac output depends on heart rate, contractility, preload and afterload. Consequently, the initial increase in cardiac output is achieved by a rise in a higher heart frequency [10, 14] , simultaneously with the reduction in peripheral vascular resistance [10] [11] [12] . Peripheral vascular resistance decreases abruptly by 20-25 % at 5 weeks compared to the beginning of the menstrual cycle [11] , most likely in concert with an abrupt fall in plasma osmolality [15] . Also stroke volume and plasma volume are reported to be increased at week 5, indicating that all these adaptive changes contribute to the prolonged institution of a high cardiac output and low peripheral resistance circulation [10, 16] .
At 6 weeks pregnancy, the magnitude of systemic vasodilatation had increased relative to 5 weeks [17] with lower blood pressures (systolic + diastolic, brachial and central) than before conception, occurring secondary to the peripheral vasodilation. This event arises together with an additional fall in pulse wave velocity, a parameter correlating with aortic stiffness [1, 12, 18] . Systolic and diastolic blood pressure continue to decrease until 24 weeks of gestation, because the CO incline is not sufficient to prevent the blood pressure fall as blood pressure is the product of cardiac output and total peripheral vascular resistance [17] .
Shortly after implantation, the corpus luteum releases plasma relaxin, which is 3-4 fold higher at 6 weeks than during the menstrual cycle. Relaxin circulates in the maternal blood and rapidly reaches a plateau at the end of the first trimester. It is suggested to play a role in the vasodilation pathway, but the exact pathway is still unclear. The vasodilatory response of relaxin is mediated by its major receptor (relaxin/insulin-like family peptide 1 receptor, RFXP1) and depends on duration of hormone exposure. The rapid vasodilatory responses are performed through the activation of the pathway stimulating nitric oxide synthase. The sustained vasodilatory response relies on vascular endothelial and placental growth factors and the arterial gelatinase activity [19] .
Renal hemodynamics are also characterized by a marked fall in renal vascular resistance, giving rise to a correspondingly increase in renal perfusion [20] . The latter induces a ≈ 50 % rise in glomerular filtration rate (GFR) accompanied by a small decline in filtration fraction. Meanwhile, the low blood pressures activate renin-angiotensin-aldosterone system (RAAS), which increases plasma renin activity and plasma aldosterone. Angiotensin II induces constriction of the renal blood vessels, excretion of the vasopressin hormone and aldosterone/adrenaline/noradrenaline production. This mechanism, together with the higher aldosterone production, leads to sodium and water reabsorption. The vasopressin hormone prevents re-excretion of the water [21] . This causes the expansion of plasma volume, hemodilution, a higher renal plasma flow and a higher cardiac output [18, 22] . Cardiac preload (i.e. venous return) increases in concert with the plasma volume expansion. This improves cardiac filling during diastole, which raises the efficiency of the Frank-Starling mechanism. Due to concomitant fall in cardiac afterload, a higher stroke volume arises and the elevated cardiac output is preserved, which anticipates an adequate fetal and placental supply of oxygen and nutrients throughout the course of pregnancy. These changes occur long before the uteroplacental circulation has become an important part of the systemic circulation [18, 23, 24] .
At 7 weeks of gestation an increasing distensibility and compliance of the arterial and venous compartment has been observed [11, 25, 26] . It is suggested that the arterial compliance increases due to relaxation of the muscular wall of the vessels [11, 26] . The decrease in peripheral vascular resistance causes a decrease in diastolic pressure, but the presence of a higher arterial compliance counterbalances this event, assuring normalized perfusion pressure to coronaries and vital organs [26, 27] . Both events may play a role in enhancing the left ventricular performance [25] . A higher venous compliance increases the capacity of the venous compartment to accommodate a larger reserve volume in the splanchnic system, which is also necessary to preserve the cardiac output during pregnancy [28] . The venous compliance keeps on rising by advancing pregnancy [29] .
Due to the increasing cardiac preload together with the lower afterload early in pregnancy, stroke volume and cardiac output keep on rising during the first trimester [10] . The continuous increase of cardiac output is from this moment not only caused by a higher heart rate, but is supported by the increase in stroke volume together with the observed anatomic increase of the heart surface area [12, 14] . The left atrial diameter increases together with the left ventricular diastolic dimension, which is a measurement of the preload [12] . The systolic dimension of the left ventricle and the ventricle wall thickness were also significantly increased [10, 14] . These changes enhance the performance of the total left ventricle [12] . The aortic, pulmonary and mitral velocities increase steadily and become significantly higher in week 8 as compared to pre-pregnancy values [10] . The onset of intervillous perfusion with maternal blood, starting to develop at ≈ 8 weeks, is not only associated with a rise in the intervillous oxygen tension, but also with a rise in the circulating levels of a number of placental biochemical markers for oxidative stress [30] .
to 12 weeks of gestation
At 8 weeks, the first morphological changes have been reported in multiple studies. At 12 weeks, Doppler echocardiography indicated more advanced changes in the heart surface area: the mitral, aortic and pulmonary valve areas increase, together with diastolic dimensions, left atrial dimensions, total left ventricle wall thickness and left ventricle mass [10] . Left ventricular diastolic and systolic volumes are both increased comparing to pre-pregnancy, but not yet significant according to the first trimester study of Del Bene [13] . The increase of the cardiac dimensions are probably a consequence of the persistent increase of venous return and cardiac filling pressure, which can be expected to improve the cardiac performance continuously [10] . Cardiac output, blood volume and plasma volume are highest at 12 weeks in the first trimester, which might explain why most morphological heart changes only become significant around 12 weeks [18] . The progressive enlargement of the heart surface area represents the typical gestational phenomenon 'myocardial eccentric hypertrophy'. This is a reversible hypertrophy without any long term cardiac consequences [10, 31] . Interestingly, all these pregnancy-related cardiac changes are identical to patients with a chronic volume overload state and in isotonic-exercising athletes (swimming, running) 10 to 12 weeks after the start of the training program: higher left ventricle volume, left ventricle mass and ventricular performance [32] .
In the first trimester, renal plasma flow (RPF) reaches a peak at 12 weeks. Afterwards RPF decreases. Glomerular filtration rate had increased steadily in the first trimester, continues to increase in the second trimester but tends to decline again in the third trimester. Atrial natriuretic peptide (α-ANP) is significantly raised at week 12, and keeps increasing even more afterwards. It has diuretic, natriuretic and vasodilator properties and might play an important role in volume homeostasis [18] . α-ANP is considered not active in early pregnancy because plasma concentrations remain low during the first weeks, but increase by 35 % in the second trimester in association with the plasma volume increase. This suggests that plasma α-ANP changes are secondary to the plasma volume increase, rather than playing a primary role in the hemodynamic changes [12, 18] .
In the second half of the first trimester, retrograde trophoblast invasion into the spiral artery together with a lower responsiveness to vasoconstrictor agents may explain the further rise in uteroplacental vascular compliance, as the resistance index (RI) and pulsatility index (PI) of the uterine artery decrease when gestational age increases. RI and PI are representative for the resistance in the uterine arteries. There exists an inverse relation between RI or PI with ongoing trophoblastic invasion into the spiral arteries [33, 34] Intervillous blood flow becomes only detectable from 12 weeks onwards, because trophoblastic migration is only observed from week 10, and a consecutive formation into the myometrium of the spiral arteries starts from week 14. This implies that physiological changes are completed and heart/vessels are adapted morphologically. Spiral arteries remodeling induces the change from high-resistance flow to low-resistance flow [30] . Also further studies have shown a continuous decrease of resistance and pulsatility indices between 12 and 16 weeks [35] [36] [37] (Table 1) .
Pathological signs in the first trimester
The cardiovascular system in patients with hypertensive disorders differs from the normal maternal cardiovascular system. Focusing on hemodynamic characteristics could help to understand the physiological maladaptations in the first trimester.
Arteries
Peripheral arteries
Higher uterine pulsatility indices in early preeclampsia than uncomplicated pregnancies have been reported in the early pregnancy (2.35 vs. 1.79), which is a measurement for impaired placentation and arterial stiffness [38] . Additionally, placental volume was shown to be smaller too in (early) preeclamptic patients (60 vs. 43 cm 3 ) [38] . In patients developing late preeclampsia however no aberrant uterine pulsatility indices or placental volume were found [38] . There is a direct relation between resistance, arterial stiffness and endothelial dysfunction, which clinically presents in high blood pressures. This is in congruence with measurements for total vascular resistance, which was shown to be higher in the late preeclamptic group (1105 dyne*sec*cm −5 versus 1260 dyne*sec*cm . Another measurement for arterial stiffness is the pulse wave velocity (PWV) and augmentation index (AIx). Already at the end of the first trimester, the pulse wave velocity and 
Heart
Khaw et al. investigated different cardiovascular functions at 11-14 weeks between uncomplicated pregnancies, eventual preeclamptic pregnancies with appropriate for gestational age babies (AGA) and preeclamptic patients with small for gestational age babies (SGA). Cardiac output, cardiac index and stroke volume were significantly higher in the preeclamptic group with AGA than the uncomplicated group (6.2 l/min, 3.3 l/min/m 2 , 87.9 ml versus 4.9 l/ min, 2.9 l/min/m 2 , 67 ml resp.) [39, 42] . A higher mitral valve annulus shortening is also found in this pathological group (15.5 mm versus 17.8 mm), supporting this suggestion. Preeclampsia with SGA babies have no aberrant cardiac output, cardiac index or stroke volume parameters (4.9 l/min, 2.8 l/min/m 2 , 66.3 ml resp) compared to the uncomplicated group [39] . Further, higher values are observed for mitral valve E-wave velocity (82.4 mm/s versus 95.7 mm/s) in the late preeclamptic group. Mitral valve Ewave velocity measures the diastolic function, which is the passive filling of the ventricle. Khaw et al. also measured the mitral valve A-wave velocity (representation of the active filling during atrial systole), which did not differ significantly between the 2 groups in this study [39] . Both velocities are strongly dependent from physiological changes in heart rate, preload, left ventricular compliance and contractility. An initial rise in the E/A ratio is consistent with an initially impaired adaptation of cardiac diastolic function, which is already present in a first trimester measurement in the hypertensive group. An increase of more than 7 % at 12 weeks indicates an important higher risk for preeclampsia [43] .
Veins
Also venous impedance is observed to be higher in pathological pregnancies than normal pregnancies. A high venous impedance is accompanied with a low venous distensibility, a higher venous pressure, a lower venous capacity and a smaller increase in plasma volume [44] . However, venous hemodynamic function is shown to be normal in the first trimester, but becomes abnormal during the second trimester in the pregnancies destined to develop preeclampsia [41] .
Hematology
Plasma volume increase is very important for normal fetal development. Maladaptation of the cardiovascular system can obstruct a necessary increase in plasma volume. There is a correlation between maternal cardiac output and the growth of the fetus, already present in the first trimester [45] . The link between cardiac output and birth weight percentiles is associated with the grade of heart, vein and artery dysfunction because those are the driving forces of the cardiac output [45] .
Kidney
A direct consequence of a high vascular resistance and high blood pressure is the decrease in renal perfusion and glomerular filtrate rate. The renal clearance will decrease, which leads to a higher plasma concentration of uric acid. Preeclampsia is characterized by proteinuria, which possibly relates to a higher capillary pressure in the glomerular filter. This induces a lower tubular absorption, contributing to glomerular endotheliosis. However, no studies are found concerning this topic in first trimester [46] . Aberrant hemodynamic characteristics may already be evident in the first trimester, however not always measurable. More and more researchers focus on well-defined subject groups, as the pathophysiology between gestational hypertension, early preeclampsia and late preeclampsia with and without intra uterine growth restriction have important hemodynamic differences.
Techniques: normal values
To assess abovementioned maternal cardiovascular adaptations, safe, easily accessible and non-invasive first trimester techniques are useful, which have the potential to evaluate the different compartments of the maternal cardiovascular system.
A Doppler ultrasound of the uterine artery is a widely used, non-invasive technique to measure the pulsatility index (PI; [peak systolic flow -end diastolic flow/mean flow]) and the resistance index (RI; [peak systolic flowend diastolic flow/peak systolic flow) from the flow velocity waveforms of the uterine arteries. Normal values vary between 0.56 and 0.76 for RI, and minimum 1.11 and maximum 2.08 for PI [33, 35, 39-41, 47, 48] . Low end-diastolic velocities and an early diastolic notch are typical waveforms in the first trimester pregnancy, indicating a high uterine resistance [47, 49, 50] . Other parameters reflecting arterial stiffness is the pulse wave velocity, measured from artery pulse waveforms in the brachial [40, 51, 52] or radial artery [53] . SphygmoCor (West Ryde, Australia), Complior (Vincennes, France) or Arteriograph (TensioMed, Budapest, Hungary) are the three techniques used for pulse wave analysis. The normal pulse wave velocity ranges between 6.13 and 8.13 m/s. PI, measured with the artery pulse waveform technique, lies between 1.4 and 2.08 [40, 51] . In preeclampsia, PI, RI and pulse wave velocity are considerably higher [38] [39] [40] [41] [53] [54] [55] .
The combination of electrocardiogram and Doppler ultrasound is used to investigate the maternal venous system (renal interlobular veins and hepatic veins), using venous impedance indices and the 'venous pulse transit time' (VPTT). Tomsin et al. reported a gradual rise of the VPTT in normal pregnancy and a significantly shorter VPTT in preeclamptic patients, which illustrates a venous hemodynamic dysfunction in preeclampsia [56, 57] . Also aberrant venous impedance indices (Hepatic Vein Index (HVI), Renal Interlobar Vein Index (RIVI)) are seen in the active phase of preeclampsia. Compared to normal pregnancies, in the preeclamptic group at 12 weeks, the venous function seems to be normal [VPTT kidney: 0.24-0.35 ms; VPTT liver: 0.13-0.23 ms; HVI: 0.7-1.6; RIVI: 0.38-0.56] [41] .
Aortic Doppler flow measurements estimate the aortic valve area, cardiac output and stroke volumes. The aortic area has a normal range from 3.85 to 3.94 cm 2 . Stroke volume with this technique is reported between 81.5 and 84.1 ml, and cardiac output between 6.61 and 6.83 l/min [10] . In (late) preeclampsia, stroke volume and cardiac output are higher [39, 42] . Aortic valve area uses calculations from the aortic diameter, which is reported to be higher in preeclampsia in the first trimester [58] .
Echocardiography is the preferred technique to evaluate the systolic and diastolic function of the heart during the complete course of pregnancy. Cardiac output, stroke volume (systolic function); E-wave and A-wave (diastolic function) and mitral valve annulus shortening measurement are parameters measured with this technique. Diastolic function has an E-wave range from 68.8 to 96 mm/s, and an A-wave range from 40.5 to 57.3 mm/s. The mitral valve annulus is found to be normal between 13.5 and 17.5 mm [39] . Robson [10] . In preeclampsia, increased mitral valve shortening and E-wave are reported, but significant differences in ESD, EDD, LAD, left ventricular wall thickness and mass were not observed [43] .
Other systolic parameters can be measured by impedance cardiography, which monitors the cardiovascular changes by transmitting an electrical current with high frequency and low amplitude through the maternal thorax. Another non-invasive method is the USCOM (Sydney, Australia) device which measures the velocity of the aortic/pulmonary blood flow, used to calculate a time-velocity integral, and as such basically is a derived echocardiography technique. In these cases, cardiac output and stroke volume seem to have an overestimation with those two techniques relative to echocardiography measurements as the normal range for CO is reported around 6.48-7.89 l/min, and for SV 72.62-94.62 ml. Echo cardio measurements are lower: CO 4.3-5.5 l/min, and SV 55.3-78.7 ml. Non-Invasive Cardiac Output Monitor (NICOM, Cheetah Medical, USA) also measures HR, CO and SV. It is based on a thoracic bioreactance technology, but no published studies on patients in the first trimester of pregnancy were traced. It is still quite controversial using non-invasive techniques in clinics, as the reliability compared to the golden standard echocardiography is highly discussed in literature. However, using only one technique with its methodspecific reference values eliminates possible over-or underestimation [39, 41, 55, 59] . With the use of the formula: [(MAP(mmHg)/CO(L/min) x 80], total peripheral resistance (dyne*sec*cm −5 ) can also be calculated (1015-1212) [10, 39] . With the USCOM device, this parameter is automatically measured using a non-reported formula and the range is found to be slightly lower (940.87-1118.53) [55] . Impedance cardiography additionally provides some important aorta flow parameters: aorta velocity index (1/1000/s), acceleration index (1/100/s 2 ) and heather index (Ω/s 2 ). In the first trimester, those parameters have an important implication. Normal values are seen between 62 and 82; 107 and 156; 19.2 and 26.9 respectively. In preeclampsia, aortic flow measurements are in a lower range [41] .
Studies using echocardiography, impedance cardiography and USCOM additionally measured the blood pressures. Normal systolic blood pressures at 12 weeks vary from 107 to 122 mmHg, diastolic blood pressures range from 65 to 77 mmHg. The mean arterial pressure lies between 77 and 86 mmHg. Heart rates range in the first trimester between 76 and 92 [10, 39, 41, 55] . In preeclampsia, first trimester blood pressures and heart rate are already slightly higher than normal [39, 41, [53] [54] [55] ( Table 2) .
Application of techniques
Together with gaining basic knowledge about the normal physiological cardiovascular changes in the first trimester of pregnancy, all techniques discussed above allow investigating a population of 12 week pregnant women non-invasively, which opens a window to screen for hypertensive disorders. With a combination of techniques, it is possible to integrate and evaluate the maternal heart, veins and arteries at 12 weeks of pregnancy [41] . In this review, normal values are summarized which opens easily future perspectives to search for aberrant cardiovascular signs in each part of the cardiovascular tree of the doctors patients. Screening for hypertensive disorders is very useful as an early stratification into a high risk vs. a low risk group is possible. Possible follow-up or treatment strategies could be based on prescribing lowdose aspirin before 16 weeks of gestation, which is associated with a 50 % reduction of PE risk and 80 % of early PE [60, 61] , paying attention to regular physical activity during pregnancy [62] or remote blood pressure monitoring [63] . Applying those techniques into the daily clinic opens perspectives to prevention and prophylactic treatment, aiming for a reduction of the risk for hypertension during pregnancy. In the long run, it may reduce significantly the maternal and neonatal morbidity and mortality associated with hypertensive disorders [64, 65] . It should however be emphasized that in this review all described hemodynamic changes with corresponding normal or hypertensive values reflect average values, which are subject to individual variability.
Conclusion
Many recent studies disclose the fact that initiation of placentation is not a necessary step for the normal or pathological hemodynamic alterations in a pregnancy, as placentation starts later than the very first maternal hemodynamic changes. This emphasizes the important role of the maternal cardiovascular system during gestation, with a normal hemodynamic adaptation as a requirement for a normal course of pregnancy. Today, many non-invasive techniques allow a detailed assessment of maternal cardiovascular adaptations which opens perspectives to early postconceptional screening for gestational hypertensive disorders. 
